Introduction
Much effort has been put on the development of highperformance sensorless speed control of induction motor drives for the last few years. The main objectives of sensorless drive control are: Increased noise immunity Unaffected machine inertia In view of the above, it is desirable to eliminate sensors particularly for speed and position measurements.
A radical step in induction motor control strategies was the development of Direct Torque Control method [1,2,3,4]. This stator flux orientated scheme is based on the limit cycle control of both flux and torque. In principle, it uses a switching table for selecting inverter output voltage vector based on the instantaneous requirement of torque and flux, to get fast torque response and low inverter switchimg frequency.
For high-performance induction motor drives, information regarding the stator flux and motor speed is to be given to the controller. Conventional open loop estimation of the stator flux from the monitored voltages and currents, is not accurate enough at very low speeds owing to the considerable v6ltage drop aaoss the stator resistance, predominant effect of noises and absence of error decay mechanism [5] . This work is oriented towards the improvement to the existing Direct Torque Control method for induction motor, with an emphasis on high-performance speed sensorless operation. Extended Kalman Filter is designed for stator flux and speed estimation, which are used for the closed loop control operation of the induction motor. Known information about the noises is used to filter it out, to get good perfonnance even at very low speeds.
Higher reliability and decreased maintenance
Principle of Direct Torque Control
The expression for the developed torque of an induction motor is given by (1).
M 2
Ls L r w h r e , o = l --Under normal operating conditions, the amplitude of the working flux is kept constant at the maximum value for maximum utilization of magnetic material. Hence the developed torque is proportional to the sine of the torque angle '&, i.e., the angle between stator and rotor fluxes, and can be controlled by suitably changing the torque angle. Since the time constant of rotor current is large compared to stator, the stator flux is accelerated or decelerated with respect to the rotor flux to change the torque angle.
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The voltage source inverter can be modeled as shown in fig. 1 The hysterisis band technique leads to four possible combinations with regard to the stator flux and torque errors. Each solution affects the drive behavior in terms of torque and current ripple, switching frequency and two-or four-quadrant operation capability. The schematic of speed control of induction motor using Direct Torque Control method is shown in fig. 4 .
Flux Estimation and Associated Problems
Performance of the system depends greatly on the accuracy with which the stator flux and speed are estimated and these in turn depend on the accuracy of the monitored voltages and currents. sensors. The working environment may also act as a source of noise. The probabilistic approach of the estimator enables us to filter out noises present in the system to the extent of whatever prior knowledge of noise characteristics we have. This filtering action of the EKF improves the system performance to a great extent at low speed operations. Consider a nonlinear stochastic process governed by (4), with process and measurement noises w(k) and v(k) respectively. 1 (4)
xE%''and,yE%"' In practice, individual values of the noises w(k) and v(k) are not known at each time step. However, the state and measurement vectors can be predicted without them as in (5).
(5)
wherei(k) is some a posteriori estimate of the state. The structure of the EKF for the nonlinear system is given in (6), wherein a correction term is added to the previous predicted value to obtain the final estimate. The filter gain 'R is selected to minimise the performance index 'J' given in (7) . A weighting matrix ' W is included in order to assign different weightages to the state estimation errors. The observer gain will be time varying, and is to be calculated on-line.
J =tFi.W.Z: Recursive algorithm of the Extended Kalman Filter [6, 7] can be derived as below. On the other hand, an increase in RN refers to higher level of measurement noise. The filter gain 'K' will be lower in this case because of its inverse relation with RN.
Induction Motor Model and Extended Kalman Filter
Lower gain results in slower transient performance.
It should be noted that the model is discretised with only first order approximation, neglecting higher order tenns. Due to this it may require very short sampling time to give a stable and accurate discrete model. A second orda approximation will give better accuracy at the cost of increased computational overhead. Another issue is the inverse effect of sampling time on RN. Lower sampling time increases RN, adversely affecting the transient performance of the system, which is undesirable. The schematic of EKF is shown in fig. 5 .
Simulation Results
Simulation studies are done for the speed control of induction motor by Direct Torque Control method with Extended Kalman Filter for the state estimation using the software tool MATLAB/SIMULINK". EKF requires any two stator line currents and the inverter DC -link voltage for processing. Keeping in view of typical high performance applications, performance specifications are set as; rise time less than Odsec, steady state speed error to be less than 1% and the damping to be critical. The inverter frequency is limited to 5 kHz. A reasonable delay of lmsec each is considered for the current and voltage sensors. The noises are assumed to be of zero mean white Gaussian with known covariance's QN and RN. Maximum p r v s and measurement noise levels present in the system are considered as 1-Volt and 0.25-Ampere. Simulation for the base speed of 73 radsec is considered first. Actual and estimated speeds with an estimator initial state errors set to 3 radsec for speed and 0.1 Weber for stator flux are shown in fig. 6 and fig. 7 .
The stator flux and developed torque after proper lowpass filtering are shown in fig. 8 and fig. 9 . The error convergence of stator flux and speed are shown in fig. 10  and fig. 11 . Secondly, we consider low speed of 1 radsec. Actual and estimated speeds with an estimator initial state errors set to 0.1 radsec for speed and 0.1 Weber for stator flux are shown in fig. 12 and fig. 13 . The stator flux and developed torque after proper lowpass filtering are shown in fig. 14 and fig. 15 . The error convergence of stator flux and speed are shown in fig. 16 and fig. 17 . It is verified that the state error convergence is always guaranteed and the performance specifications are satisfied.
Comments and Conclusions
Sensorless Direct Torque Control of induction motor for speed control is the focus of this work. Extended Kalman Filter for stator flux and speed estimation is designed and developed for use in closed loop control. The filtering action of EKF improves the system performance, especially at low speeds. Simulation results reveal that the flux and speed tracking are good and error convergence is guaranteed. However, it is to be noted that there may be a bias problem when the assumed characteristics of the stochastic noises do not match with those of the real ones [6] . In contrast to the linear estimators, the nonlinear nature of the observed plant is likely to result in an error in the estimation. The algorithm requires computing inverse of a matrix, which increases the computation time. The results presented here are to be validated by implementing the algorithm in real time. Low cost and fast Digital Signal Processors capable of implementing relatively complex algorithms are available in the market, which makes this method suitable for high performance applications. 
